This review is concerned with the development of the rat corticospinal tract (CST). The CST is a long descending central pathway, restricted to mammals, which is involved both in motor and sensory control. The rat CST is a very useful model in experimental research on the development of fibre systems in mammals because of its postnatal outgrowth throughout the spinal cord as well as its experimental accessibility. Hence mechanisms underlying axon outgrowth and subsequent target cell finding can be studied relatively easily. In this respect the corticospinal tract forms an important example and model system for the better understanding of central nervous system development in general.

The rat pyramidal tract (PT) can be defined as a set of fibres passing through the medullary pyramids ; its major component is the corticospinal tract (CST). The CST of the rat is a pathway which originates in layer V of the sensorimotor cortex. Its fibres descend through the internal capsule into the cerebral peduncles and extend caudally at the pial surface of the medulla oblongata (the medullary pyramids), and after decussation at the transition of the medulla to the spinal cord occupies the ventralmost part of the dorsal funiculus ( Fig. 1) (DeMyer, 1967 ; Donatelle, 1977 ; Schreyer & Jones, 1982 ; Gribnau et al. 1986) .
Although most corticospinal fibres are located within the ventralmost parts of the dorsal funiculus, minor CST components have been described : (1) a crossed component located in the dorsomedial parts of the lateral funiculus (Schreyer & Jones, 1982) ; (2) an ipsilateral uncrossed component located in the ventral funiculus (Vahlsing & Ferringa, 1980 ; Brosamle & Schwab, 1997) .
In contrast to the lateral CST the major contralateral crossed component in the dorsal funiculus as well as the ipsilateral uncrossed component located in Correspondence to Dr Elbert A. J. Joosten, Room G02.314, Laboratory of Experimental Neurology, Academic Hospital Utrecht, Heidelberglaan 100, 3584 GA Utrecht,The Netherlands. Tel : j31 30 2507978 ; fax : j31 30 2542100 ; e-mail : EJoosten!neuro.azu.nl the ventral funiculus has been studied in great detail (Schreyer & Jones, 1982 ; Gribnau et al. 1986 ; Joosten et al. 1992) . Using anterograde tract-tracing with horseradish peroxidase (HRP), labelled CST fibres initially extend as far as the ventral funiculus of lumbar spinal cord segments (Joosten et al. 1992) . With the use of the HRP tracing technique it was shown that, after the first postnatal week, these lumbar projections disappear and the ipsilateral ventral CST projections were limited to lower cervical spinal cord segments (Joosten et al. 1992 ).
However, recent detailed studies with the very sensitive tracer biotin-dextran amine (BDA) unequivocally demonstrated the presence of labelled ipsilateral CST fibres into the ventral funiculus up to lumbar spinal cord levels also in adult rats (Herzog & Brosamle, 1997) . The latter indicates how important the development of increasingly sensitive anterograde (or retrograde tracers) can be for a correct understanding of the development of central nervous system (CNS) projections.
Because the vast majority of the descending CST fibres (90-95 %) is located within the dorsal funiculus this review on outgrowth and guidance of CST axons is focused on the major dorsal component. In order to understand the mechanisms underlying axonal outgrowth and guidance it is important to know how the CST develops. Therefore, in the second section the development of outgrowing CST axons into the spinal cord is described in more detail. Based on this detailed description of the anatomy of the outgrowing corticospinal fibres as well as the mode of outgrowth of this tract the putative role of various factors or molecules involved in the guidance of outgrowing corticospinal fibres is discussed in the third section. Among the factors and\or cell types involved in CST guidance are immature astroglial cells, neural cell adhesion molecules, neurite outgrowth inhibitory molecules, neurotrop(h)ic factors, as well as dendritemediated interactions.
Although the guidance factors mentioned above are discussed separately it should be emphasised that ultimately only the optimal balance of these molecules and\or cell types at the appropriate time and place in relation to the outgrowing CST fibres results in the correct target-finding of this tract.
     
The outgrowth of CST fibres has been studied in various species, especially in rodents, because of its postnatal outgrowth throughout the spinal cord as well as its experimental accessibility e.g. for tracttracing studies. Based on these tract-tracing experiments as well as various detailed electronmicroscope (quantitative) studies the outgrowth of the CST into spinal cord, although one continuous process, can be subdivided in 2 parts : a white matter tract formation on the one hand and the spinal grey matter target innervation on the other.
Spinal white matter ingrowth
Ingrowth of CST into rat spinal white matter is characterised by a staggered mode of outgrowth (Gribnau et al. 1986 ) in which pioneer axons reach cervical spinal cord levels at birth (P0), midthoracic spinal cord levels at postnatal day 2 (P2) and the lumbar enlargement at postnatal day 5 (P5) (Fig. 2) . Considerable numbers of corticospinal axons are added to the tract several days after the arrival of the first pioneer fibres at a given spinal cord level (Schreyer & Jones, 1982 ; Gribnau et al. 1986 ; Joosten et al. 1987 Joosten et al. , 1989 .
The light microscopic characteristics of the first CST axons penetrating the ventralmost part of the dorsal funiculus were examined with a sensitive combination of HRP staining and intensification techniques (Dederen & Joosten, 1989 ; Joosten, 1991) . The HRP-labelled CST pioneer fibres contain growth cone dilatations at their distal ends ; these growth cones are characterised by their long and rather simple configuration (Fig. 3) (Joosten et al. 1992 ; Gorgels, 1991 b) . Minor variations in the morphology of these pioneer CST growth cones were observed : with fusiform, clavate, filopodial and filopodial and\or lamellipodial endings (Fig. 4) . Nevertheless all pioneer CST growth cones in the spinal cord white matter observed were characterised by their long and rather simple morphology. Furthermore, the growth cones of these pioneer fibres did not exhibit a preferred alignment at the periphery or at the centre of the prospective corticospinal area (Gorgels et al. 1989 ; Gorgels, 1990 Gorgels, a, 1991 .
It has been reported that growth cones within straight pathways are characterised by a highly elongated shape as well as a simple morphology, not only in invertebrates (grasshopper leg segment, Caudy & Bentley, 1986) but also in vertebrate fibre systems (chicken peripheral nervous system ; Tosney & Landmesser, 1985 ; mouse visual pathway, Bovolenta & Mason, 1987 ; rat corpus callosum, Kalil, 1988) . The elongated, rather simple morphology and the absence of filopodial extensions on the growth cones of the CST pioneer fibres in the tract area suggests a less extensive exploration of the local microenvironment. The CST pioneer fibres probably do not investigate the local environment intensely but nevertheless are clearly permanently guided in one (caudal) direction. This therefore suggests the involvement of a single dominant guidance cue (adhesive or inhibitory) and\or the occurrence of a glial channel-like guidance system. Ultrastructural analysis of the CST ingrowth area (Gorgels, 1991 a) indicated that CST growth cones make contact and form junctional specialisations consisting of synapse-like contacts and invaginations on glial elements in the tract.
The relatively small number of pioneer fibres are followed by a bulk of later arriving fibres (Gribnau et al. 1986 ; Gorgels et al. 1989 ; Gorgels, 1990 b) . Lightmicroscope anterograde tracer studies (Schreyer & Jones, 1982 ; Gribnau et al. 1986 ) indicated that during the outgrowth of the rat CST, new fibres are continuously added to the first leading fibres, even beyond d 9. Based on a detailed ultrastructural study on the morphology of outgrowing CST axons at the cervical spinal cord it was concluded that the distal tips of the later arriving CST fibres are much smaller and have a very simple shape (Gorgels, 1991 b) .
In conclusion the corticospinal outgrowth in spinal white matter is characterised by a main wave of later arriving axons preceded by a number of pioneer fibres with large dilatations at their distal ends, growth cones.
Spinal grey matter target innervation
During the development and outgrowth of central nervous fibre tracts and their target innervation most attention was focused on the behaviour of the growth cones of the primary axon (Bovolenta & Mason, 1987 ; Nordlander, 1987 ; Norris & Kalil, 1990 ; and others) . Both in vertebrate and invertebrate growth cone morphology dramatically changes as developing axons extend along their pathway and reach ' decision points '. At a decision point an axon decides either to leave the tract and subsequently to enter the appropriate target or to extend further via the tract (Bovolenta & Mason, 1987 ; Harris et al. 1987 ; Yagimuna et al. 1991 ; and others) .
Various anterograde tract-tracing studies have demonstrated that between the arrival of CST pioneer fibres at a given spinal cord segment and their extension in the respective spinal grey matter a delay was noted of about 2 d (Donatelle, 1977 ; Wise et al. 1979 ; Schreyer & Jones, 1982 ; Gribnau et al. 1986) . With the use of a new combination of HRPstaining and intensification techniques (Joosten, 1991) the morphology of the first corticospinal axons penetrating the termination area, i.e. the cervical or lumbar spinal grey matter, could be studied. A minority of the corticospinal projections to the lumbar spinal grey matter arises from directly deflecting axons on arrival at the level concerned (Fig. 5) . The entrance of the latter axons into the lumbar spinal grey matter occured at an angle varying between 130 and 170 m : no acute angles were observed. Furthermore, the axons invading the target region of the CST display more elaborate growth cones as compared with those of the pioneer axons in the tract area. The growth cones invading the termination area are invariably characterised by the presence of numerous filopodial and spiny extensions as well as a string of varicosities (Fig. 5 ). This complex morphology of growth cones of the first axons innervating the spinal target area is in strong contrast to the simple and elongated morphology of the pioneer growth cones in the white matter tract area. The change in CST growth cone morphology from tract to target area relects the varying interactions with the micro-environment. Other studies of growth cones in situ support the present observations that in decision areas growth cones are characterised by more elaborate forms (Mason, 1985 ; Harris et al. 1985 Harris et al. , 1987 Bovolenta & Mason, 1987) . Moreover, the varying interactions with the microenvironment, resulting in changed morphology of the CST growth cones also possibly indicates a change of the predominant guidance mechanism. Whereas differential adhesion may account for the guidance of the pioneer fibres in the tract, more soluble factors (chemotropic factors) may play an essential role in attracting the growth cones within the target area (for reviews, see Dodd & Jessell, 1988 ; Tessier-Lavigne et al. 1996) .
Although some CST fibres were observed which changed their direction and directly entered the adjacent spinal grey matter , CST target innervation mainly occurs by the formation of collateral branches (O'Leary & Terashima, 1988 ; O'Leary et al. 1990 ; Bastmeyer & O'Leary, 1996) . Using anterograde labelling with the dye 1,1h-dioctodecyl-3,3,3h,3h-tetramethylindocarbocyanine perchlorate (or DiI) it became evident that corticospinal axons innervate their midbrain, hindbrain and spinal targets by extending collateral branches interstitially along their length (O'Leary & Terashima, 1988 ; O'Leary et al. 1990 ; Kuang & Kalil, 1994 ; . Using time-lapse videomicroscopy of fluorescently labelled CST axons, the dynamics of interstitial axon branching was studied in vivo (Bastmeyer & O'Leary, 1996) . From this study it was concluded that collateral branches are formed de novo along corticospinal axons and that the process of target recognition in this system is a property of the axon shaft rather than of the leading growth cone. For In conclusion, the process of collateral formation and directed growth into the corticospinal spinal cord target areas appears to be the major, but not the exclusive, mechanism by which corticospinal axons innervate the spinal grey matter target area . In order to further understand the formation of the CST, those cues that provide the directional guidance and\or initiate the formation of collateral branches into the spinal grey matter, need to be determined.
     

Astroglial cells
Mechanical factors such as paths of lesser resistance, interfaces or aligned tracts of cells, might direct outgrowing axons to the right place. A representative of the mechanical routing or stereotropism is the ' blue-print hypothesis ' as developed for lower vertebrates (Singer et al. 1979) : extracellular spaces in the embryonic neural epithelium may form channels through which growth cones migrate. The occurence of a channel-like guidance system, consisting of glial or presumptive glial cells was already substantiated, for instance, in the developing optic nerve (Silver, 1984 ; Silver & Rutishauser, 1984) or corpus callosum (Silver et al. 1982 ) of the mouse. In a number of studies, the presence of glial guidance structures during CST development was questioned (Schreyer & Jones, 1982 ; Valentino & Jones, 1982 ; Valentino et al. 1983 ). Although, Schreyer & Jones (1982) , for instance, could not exclude the possibility that pioneer axons in the rat CST grew along some preferred glial channels, they were not able to detect an orderly configuration of glia before the arrival of the axons (see also section on ingrowth into white matter). Their observations were, however, based on unstained light and electronmicroscope sections of rat spinal cord.
With the use of immunocytochemical staining techniques a pallisading pattern of subpial astroglial processes in the adult rat brain (Bitner et al. 1987) as well as of the radial glia in the CNS of the embryonic mouse (Dupouey et al. 1985) could be observed. This pallisading glial structure might have a guiding role in the outgrowth of axons during CNS development.
Based on the above-mentioned findings a detailed study was undertaken on the localisation and orientation of astroglial cells and outgrowing corticospinal fibres (Joosten & Gribnau, 1989 a) . As discussed in section on ingrowth into spinal white matter the growth cones of the leading corticospinal pioneer fibres seemed to be randomly distributed within the presumptive CST area in the ventralmost parts of the dorsal funiculus. Antibodies against glial fibrillary acidic protein (GFAP) (mature astroglial cells) and vimentin (VIM) (immature astroglial cells) were used to study a possible influence of astroglial cells on ingrowing corticospinal pioneer fibres. From doublelabelling immunocytochemical studies it was concluded that the VIM to GFAP transition in the ventralmost part of the dorsal funiculus occurred during the ingrowth of CST pioneer fibres (Joosten & Gribnau, 1989 a) . Moreover, the VIM-immunoreactive astroglial cells were oriented perpendicular to the outgrowing corticospinal tract axons, and mainly arranged in longitudinal tiers parallel to the rostrocaudal axis (Fig. 6 ). This alignment of astroglial cells during the ingrowth of corticospinal pioneer fibres strongly suggests a positional guidance role of these cells during CST development. Although the particular alignment of the astroglial cells during white matter ingrowth indicated a mechanical routing of the CST fibres, a complete glial or presumptive glial channel-like guidance system as reported for the developing optic nerve (Silver & Sidman, 1980 ; Silver, 1984 ; Silver & Rutishauser, 1984) or corpus callosum (Silver et al. 1982) of the mouse was not demonstrated, but could not be excluded. Therefore, future experiments using serial sectioning in combination with postembedding immunocytochemical detection of glial cell arrangements, in conjuction with the visualisation of labelled CST-axons, may provide conclusive evidence.
Although largely beyond the scope of this review a particularly interesting area for studying the guiding role of astroglial cells and CST outgrowth is at the pyramidal decussation. Whereas a prominent vimentin-immunoreactive (VIM-IR) glial septum was noted during CST outgrowth in the midline raphe of the medulla oblongata and spinal cord, it is absent in the decussation area of the CST (Joosten & Gribnau, 1989 a) . The presence of such a major compact VIM-IR glial septum in the midline of the spinal cord and its absence in the decussation area during CST outgrowth suggests a decisive (mechanical) role of this glial barrier in the guidance of outgrowing CST fibres by preventing the latter fibres from crossing.
In addition to a more mechanical role of astroglial cells during the outgrowth of CST fibres, immature astroglial cells might play a chemical (tropic or trophic) role in the guidance of pioneer CST axons. In a study with the use of electronmicroscope techniques, the growth cones of pioneer corticospinal fibres frequently exhibited protrusions into VIM-IR glial cells processes, suggesting an adhesive type of contact (Joosten & Gribnau, 1989 a) .
Cell adhesion molecules
The formation of adequate functional nerve connections is based on the correct sequence of cell-cell interactions during development. Several glycoproteins present on cell surfaces and\or extracellular matrices appear to be involved in the chemical, adhesive interaction among neurons as well as between neurons and glial cells or components of the extracellular matrix. In addition to the more general adhesive molecules neural cell adhesion molecule (N-CAM), laminin and N-cadherin (Edelman, 1988) , local adhesive glycoproteins are described (for review see Rutishauser & Jessell, 1988 ; Sonderegger & Rathjen, 1992) . Among the local adhesive molecules the glycoprotein L1 is the best characterised (Rathjen & Schachner, 1984 ; Hortsch, 1996) .
At present various cell adhesion molecules are known to be involved in CST outgrowth and guidance.
The role of N-CAM in corticospinal tract outgrowth
N-CAM is an integral membrane glycoprotein which mediates the adhesion of neurons to other cell types (Edelman & Chuong ; Beasley & Stallcup, 1987 ; Hekmat et al. 1990 ). During development, the N-CAM molecule is converted from a microheterogeneous, highly sialylated, embryonic form (200-230 kDa) to several distinct, less sialylated but more adhesive, adult forms (120, 140 and 180 kDa) (Edelman & Chuong, 1982 ; Schlosshauer et al. 1984) . The adult forms of N-CAM have fewer polysialic acid (PSA) residues and a greater homophilic binding than the higher molecular weight embryonic form of N-CAM (Hoffman et al. 1982 ; Nybroe et al. 1985) . Hence the degree of polysialylation of N-CAM is developmentally regulated (Hoffman et al.1982) and, in general, increases in PSA correspond to periods of axon outgrowth and pathfinding (Landmesser et al. 1990 ; Tang et al. 1992) Based on detailed immunohistochemical observations on the localisation of the various forms of N-CAM during CST development it was suggested that the embryonic form of N-CAM is likely to be involved in the ingrowth of the pioneer CST fibres into the ventralmost parts of the rat dorsal funiculus . Indeed, detailed electron microscope observations on the localisation of the embryonic form of N-CAM indicated the presence of this molecule on the outer axonal membrane of the CST growth cones. Interestingly, at the same time, E-NCAM was absent on the immature astroglial cells (Joosten et al. 1996) , suggesting that this molecule is in any event not involved in a homotypical (N-CAM) interaction between the astroglial cells and the CST growth cone during white matter ingrowth. Homotypical E-NCAM interactions might occur between the CST growth cones and the unmyelinated axons present in the ventral most parts of the dorsal funiculus (Joosten et al. 1996) .
The adult forms of N-CAM are present during the later stages of CST white matter ingrowth and therefore are likely to be involved in the fasciculation of later arriving CST axons . Furthermore, the light microscope observations clearly demonstrated a gradual shift from embryonic form to adult forms of N-CAM during the period of CST target innervation . The presence in the CST outgrowth area of embryonic N-CAM with its relatively low adhesive capacity, may allow CST axons to branch. If this branching is no longer desirable, only the higher, more adhesive forms of N-CAM are expressed. Hence, this developmental increase in PSA in the CST during target innervation suggests that PSA may facilitate the branching of CST axons . In order to test this hypothesis, PSA was selectively removed by an in vivo injection of endoneuraminidase N. This treatment did not appear to interfere with the pathfinding of CST axons, but PSA removal delayed the onset of collateral branching by CST axons within the spinal cord and later diminished the magnitude of branching (Daston et al. 1996) . It is therefore concluded that PSA is crucial for the regulation of interstitial axon branching of CST fibres (Daston et al. 1996) .
The role of L1 in corticospinal tract outgrowth
As already discussed, CST development is characterised by a staggered mode of outgrowth : pioneer fibres are followed by a bulk of later arriving axons (Gribnau et al. 1986 ; Gorgels, 1990 Gorgels, a, 1991 . The local adhesive molecule L1 is known to be involved in the mediation of neuron-to-neuron but not neuron-to-astrocyte, interaction (Keilhauer et al. 1985) , in neurite fasciculation in the peripheral nervous system (Fischer et al. 1986 ; Rathjen, 1988) and in the outgrowth of neurites (Chang et al. 1987) .
These data initiated a study on the possible relation between L1-IR and the developmental state of the CST in the rat (Joosten & Gribnau, 1989 b) . Clear L1-IR was noted during the entrance of pioneer CST fibres into the fifth cervical segment at P1. In addition, strong L1-IR was observed at P4 and P10, i.e. after the initial phase of CST outgrowth when a significant number of axons are added to the tract (Gribnau et al. 1986 ). To further investigate the possible role of L1 during CST development, the subcellular localisation of this glycoprotein was determined using both preembedding staining on vibratome sections and immunogold labelling on ultracryosections (Joosten et al. 1990 ). These electronmicroscope investigations demonstrated the absence of L1 on the growth cones of pioneer CST fibres ; moreover, no L1-IR was observed in the contact zone between astroglial processes and CST growth cones. L1-IR was noted on the outer axonal membrane of the later arriving CST fibres. From these observations it was deduced that L1 is (1) involved in the fasciculation of later arriving CST axons, but (2) not involved in the interaction between astroglial cells and pioneer CST fibres (Joosten et al. 1990 ).
The importance of L1 for correct outgrowth and development of the CST in rodents was also illustated in observed axon guidance errors in mice lacking L1 (Cohen et al. 1997) . A varying, but reduced number of CST axons was observed in the dorsal columns of the L1-deficient mouse. These fibres did not project beyond cervical levels. It was therefore concluded that L1 is of great importance in the correct guidance of outgrowing (fasciculating) CST fibres.
In addition, a substantial proportion of corticospinal axons failed to cross the midline (at the decussation) in these L1-deficient mice (Cohen et al. 1997 ). The authors (Cohen et al. 1997) suggested that cortical axons act to pioneer a path through the decussation, independent of L1 function, and that later arriving axons follow these pioneer fibres by L1-mediated fasciculation, thereby again emphasising an important role of L1 in the outgrowth of later arriving CST axons.
The possibility that the aberrations in CST development observed in mice lacking L1 relate to abnormalities found in humans with mutations in the L1 gene (Jouet et al. 1994 ; Wong et al. 1995) illustrates the putative importance of this adhesion molecule in human pathology.
Neurite outgrowth inhibitory molecules
Besides favorable substrate molecules, negative interactions and molecules with repulsive or inhibitory properties are known to be involved in axonal guidance (Tessier-Lavigne & Goodman, 1996) . For instance CNS myelin contains membrane proteins that are potent inhibitors of neurite growth (NI-35 and NI-250) in vitro (Caroni & Schwab, 1988 , 1989 Bandtlow et al. 1990 ). It has been suggested by Schwab & Schnell (1989 , 1990 ) that because myelin formation starts at different times in different regions and tracts of the CNS, the inhibitory properties of myelin as observed in vitro might also act in vivo and thus could serve boundary and guidance functions for lategrowing fibre tracts. In the rat spinal cord the lategrowing CST penetrates the dorsal funciulus, in close proximity to the ascending fibre tracts, the cuneate (FC) and gracile (FG) fasciculi (Joosten et al. 1989 ). These ascending systems in the dorsal funiculus develop several days before birth (Altman & Bayer, 1984) . Whereas myelination of the rat CST starts between P10 and P14 (Joosten et al. 1989) , FG myelinate at P4 and the FC even at the time of birth (Matthews & Duncan, 1971) . It was therefore suggested by Schwab & Schnell (1989) that the myelinated tissue of the ascending tracts surrounds the growing, supposedly myelin-free CST in a channel-like fashion. To further substantiate this hypothesis the anatomical localisation of the developing CST was studied in animals whose oligodendrocytes were eliminated by -irradiation in the newborn, or by neutralisation of inhibitory substrate properties of CNS myelin by application of the antibody IN-1. Under these experimental conditions the CST was larger in crosssection, and aberrant CST fibres and fascicles intermixed with the neighbouring sensory ascending tracts (Schwab & Schnell, 1991) . These observations suggest an important channelling function for the oligodendrocyte-associated neurite growth inhibitors during CST development in the rat spinal cord (Schwab & Schnell, 1991) . However, in contrast to the findings reported by Schwab & Schnell (1989 , 1990 , the CST projection in dysmyelinated jimpy mice attained a normal configuration despite the virtual absence of CNS myelin in these animals (Stanfield, 1991) . Based on these observations it became more unlikely that myelin normally present in the fibre bundles adjacent to the late arriving CST, can significantly influence pathway selection during its development (Stanfield, 1991 (Stanfield, , 1992 . The latter findings are further substantiated by the normal CST development observed through a region of -irradiated, oligodendrocyte depleted spinal cord (Pippinger et al. 1990 ).
In conclusion, the role of oligodendrocytes and the myelin associated outgrowth inhibitory proteins NI-35 and NI-250, on outgrowth and development of the rat CST is still a matter of dispute.
A completely different view on axon-oligodendroglia interactions and the outgrowth of long descending tracts in rat was suggested by Gorgels (1990 Gorgels ( a, 1991 . In a detailed ultrastructural study on the developing rat CST the contact zone between outgrowing CST growth cones and glial elements was studied (Gorgels, 1991 a) : the presence of junctional specialisations that combine features of synaptic transmission and endocytosis, strongly suggested that (Fig. 7) . Whereas the specialised contacts or invaginations of the CST growth cones were also observed in myelinating oligodendrocytes, it was suggested by Gorgels (1990 a, 1991 a) that the CST axons might postpone the appearance of inhibitory substrate molecules by delaying oligodendrocyte maturation.
Neurotrop(h)ic factors
During CNS development, gradients of diffusible molecules play an important role in the attraction and innervation of outgrowing axons to their targets (Tessier-Lavigne et al. 1988 ; Bolz et al. 1990 ; Heffner et al. 1990 ; Tessier-Lavigne & Goodman, 1996) .
During corticospinal target innervation the formation and initiation of collateral branches might be controlled by local cues, either molecular or structural, that develop in the midbrain or spinal target areas. Alternatively, a molecular signal released by the pontine or spinal grey matter could diffuse into the axon tract and stimulate collateral formation or direct the collaterals to grow into the appropriate target area.
With the use of DiI as anterograde tracer it was shown that the corticopontine projection develops from preexisting corticospinal axons by an interstitial budding of collateral branches (O'Leary & Terashima, 1988) . To study the possible role of a target-derived diffusible, chemotropic activity which directs and initiates cortical axon branching in the pons, an in vitro coculture approach was chosen. When cortex explants are cultured by themselves in a collagen gel, axon outgrowth is predominantly from the ventricular side of the explant : most axons grow in an inferior direction (Heffner et al. 1990 ). However, when the cortex explant is cocultured with basilar pons, axon outgrowth is enhanced form the side of the cortical explant facing the basilar pons (Heffner et al. 1990 ). Based on these (in vitro) experiments, it was suggested that a molecular signal is released by the basilar pons in the midbrain, which then in vivo diffuses into the overlying axons and interacts with these fibres to induce their interstitial branching and direct collateral extension.
As discussed in section on spinal grey matter innervation, the spinal target innervation by cortical layer V neurons also occurred predominantly by interstitial budding of collaterals. Hence, whereas the mechanism of corticospinal target innervation at spinal cord levels is almost identical to the formation of the corticopontine projection, the question arose as to whether the spinal cord target specifically attracts outgrowing CST fibres due to the release of a chemotropic molecule.
With the use of an experimental set-up identical to that described by Heffner et al. (1990) , it was possible to demonstrate the presence of spinal targetderived diffusible tropic activities which appeared to specifically regulate the collateral formation and target-innervation of CST axons (Joosten et al. 1991) . The diffusible tropic activity derived from the spinal target was present both at cervical as well as lumbar spinal cord levels (Joosten et al. 1993 . These in vitro data strongly suggest the involvement of a chemotropic guidance mechanism during corticospinal outgrowth from spinal white matter into the adjacent spinal grey matter in vivo.
It is not yet known if the diffusible factor(s) present in the spinal cord are released by the CST target (inter)-neurons or the astroglial cells located in the dorsal and intermediate spinal grey matter. In vitro noncontact coculture experiments using prelabelled layer V neurons and dissociated spinal astroglial cells favour a strong outgrowth promoting effect through the release of diffusible factors by the astroglial cells (Dijkstra et al. 1998) .
In addition, the question remains whether the diffusible factor released by the spinal grey matter is a well-known, already purified neurotrophic molecule or not. Recent evidence has shown that the neurotrophic factor NT-3 may be involved in mediating midbrain target innervation during CST development (Yee & O'Leary, 1996) and regrowth of injured adult fibres (Houweling et al. 1998) . Furthermore, in situ hybridisation data indicate that mRNA of the preferred high-affinity receptor of NT-3, the tyrosine kinase receptor-C (trk-C), may be located on the corticospinal neurons in the cortex (Ringstedt et al. 1993) . Nevertheless, at least to the knowledge of the reviewer, until now no neurotrop(h)ic molecule has yet been identified with a spatiotemporal distribution corresponding to that observed in the explants as used in the collagen coculture experiments (Joosten et al. 1994 b) and thus corresponding to the in vivo spinal target innervation of outgrowing corticospinal fibres.
Dendrite-mediated interactions
During target selection, tropic guidance cues released by the spinal grey matter specifically attract the outgrowing CST fibres (see previous section). In addition to the role of diffusible factors during CST target innervation, evidence has been collected which indicates that contact-mediated cues are also involved during this phenomenon. In a combined anterograde and retrograde tract-tracing study, the maturation of CST and target motoneurons located in the spinal grey matter was compared (Curfs et al. 1993 ; Curfs, 1995) . The motoneurons innervating the 2 antagonistic muscles in the distal forepaw, the flexor digitorum profundus and the extensor digitorum communis muscles, were labelled retrogradely by intramuscular injections of cholera toxin subunit B conjugated with HRP (Curfs et al. 1993 ; Dederen et al. 1994 ; Curfs, 1995) . The results of the reconstructions of dendritic fields of these motoneurons demonstrated that although the dendritic extension of both populations is different, a maximal increase in dendritic field extension occurs at the time-period when CST axons start innervating the spinal grey matter target area (Curfs et al. 1993) . In particular the flexor motoneuron dendritic field reaches maximal dendritic extension at P4 , at the age when the initial outgrowth of CST axons into the spinal grey matter is observed (Gribnau et al. 1985 ; Curfs et al. 1993) . The dendrites of the labelled flexor motoneurons could be localised into lateral and dorsal white matter including the CST areas (Curfs et al. 1993 ). These light microscope observations suggested a possible role of motoneuron dendrites on CST target outgrowth and selection.
In a detailed ultrastructural analysis of the ventralmost part of the dorsal funiculus at cervical spinal levels during CST ingrowth, intimate contacts were observed between CST growth cones and (motoneuron ?) dendrites, which extended radially from the adjacent grey matter into the dorsal funciulus (de Kort et al. 1985 ; Gorgels, 1991 b) . The observation of these close appositions also suggests a possible guiding role of the dendrites on the outgrowing CST growth cones through a contact-mediated guidance (Fig 8) . In addition to a close apposition of growth cones and dendrites in the spinal white matter, synaptic contacts were observed between the growth cones of CST fibres and these dendrites (Gorgels, 1991 b) . Similar structural relations between growth cones and dendrites during development were observed in other immature rodent CNS systems such as the lateral marginal layers of the mouse spinal cord (Vaughn et al. 1974 ; see Vaughn, 1989 for review). It was noted by Vaughn (1989) that these synaptic contacts were frequently situated at sites where longitudinally oriented axons give off collaterals. As discussed in the section on spinal grey matter target innervation, corticospinal target innervation occurs predominantly by collateral branches which develop de novo from the primary axons (O'Leary & Terashima, 1988 ; . Although tropic diffusible factors are involved (Joosten et al. 1991 (Joosten et al. , 1993 the question remains as to what extent the formation of CST axon collaterals that project perpendicularly from the primary axon into the spinal grey matter target area might be induced or facilitated by contact with dendrites (Gorgels, 1990 a) .
Besides a possible role in the formation of collateral branching the synaptic interactions between CST growth cones and motoneuron dendrites might have additional developmental, morphogenetic influences. It is not unreasonable to suggest a major influence of synaptic contacts on the formation of the dendritic arborisation pattern (Gorgels, 1990 a, 1991 b) . In vitro studies have shown that excitatory amino acids restrict dendrite growth in hippocampal neurons (Mattson, 1989) . It is therefore tempting to speculate that CST synaptic contacts, with the excitatory amino acid glutamate as neurotransmitter, instruct developing inter-and\or motoneuronal dendrites to restrict further growth.
  
This review has considered the role of various molecules and\or cell types in the guidance of outgrowing CST fibres. It can be concluded that a number of guidance cues act together in order to guide accurately the outgrowing CST axons to their appropriate target (Fig. 9) . As spinal outgrowth of developing CST fibres is not a summation of individual guidance cues and factors which are involved ' step-wise ' in this proces, aspects related to spinal white matter or grey matter target innervation will be discussed separately.
Spinal white matter tract formation
There is evidence that the characteristic arrangement of immature astroglial cells is involved in a mechanical routing of the outgrowing CST fibres (see section on astroglial cells). Besides having a positional role, immature astroglial cells play a contact-mediated guiding role during the outgrowth of pioneer CST fibres. Which cell adhesion molecules might be responsible for the astroglial-CST growth cone guiding interaction is not yet known. Various cell adhesion molecules such as L1 or the adult forms of N-CAM, were not found to be present on the CST growth cones or on the astroglial cells (N-CAM). These observations indicate that homophilic L1 or homophilic N-CAM interactions are not involved in the astroglial mediated outgrowth of CST pioneer fibres. Nevertheless, homophilic interactions between embryonic forms of N-CAM might underlie the outgrowth of the pioneer CST fibres. The presence of E-NCAM, both on CST growth cones as well as on the unmyelinated axons of already preexisting fascicles within the ingrowth area of CST fibres indicates a possible homophilic interaction and therefore N-CAM mediated guidance of pioneer CST fibres (see section on adhesion molecules).
Furthermore, a so-called assisted homophilic interaction between L1 and N-CAM molecules (Kadmon et al. 1990 ) might also underlie the mechanism of CST pioneer outgrowth in spinal white matter. The L1 and the E-NCAM present on the unmyelinated fibres in the ingrowth area and the E-NCAM on the CST growth cones might interact in an assisted homophilic way and thus guide the CST growth cones to more distal spinal levels.
During fasciculation of the bulk of later arriving CST fibres both L1 and the embryonic form of N-CAM are very likely to be involved in a homophilic way.
The role of inhibitory myelin-associated molecules during CST tract formation in spinal white matter, through the formation of channels, has been suggested by Schwab & Schnell (1989 , 1990 . However, other studies have shown that the channelling function of inhibitory molecules (NI-35 and NI-250) during CST tract formation might be less important than previously suggested.
Spinal grey matter target innervation
During spinal grey matter target selection and subsequent innervation, diffusible target-derived chemotropic molecules are likely to be involved. Besides tropic molecules, released either by the target neurons located in the spinal grey and\or the astroglial cells, N-CAM is involved in CST target innervation. Polysialic acid residue (PSA) modification of N-CAM plays an important role in the regulation of interstitial CST axon branching. Furthermore, contact-mediated interactions between dendrites from the target motoneurons and the outgrowing CST fibres might be important in target innervation of the developing CST although the nature of the cell adhesion molecule is uncertain.
Besides the role of various molecules and cell types on axonal outgrowth we would like to emphasise the possible and in our opinion, still underestimated role of the regulatory capacities of the axon itself during its outgrowth. As discussed in the sections on neurite outgrowth inhibitory molecules and dendrite mediated interactions, various ultrastructural observations suggest that CST growth cones are able to instruct either oligodendrocytes or dendrites. CST growth cones might thus manipulate substrate characteristics which are important for outgrowth and axon elongation in such a way that they could influence further outgrowth and guidance. Future studies on the instructive role of axons on the morphogenetic characteristics are important and will add to further understanding of CNS development and tract formation.
In conclusion, the present insights on the role of various guidance factors and molecules during the formation of the CST in rat demonstrate the complexity of correct axon guidance and appropriate target finding during CNS development. Nevertheless, the rather extensive know-how on mechanisms underlying CST axon outgrowth and subsequent target finding, as reviewed in this article, makes the CST an important model in studies in mammalian CNS development and regeneration.
